Introduction
Polypropylene (PP) has been extensively used for many applications such as interior and exterior automotive parts. It is well known that the impact resistance of polymeric materials can be considerably modified by the incorporation of rubber materials. 1), 2) Mechanical properties of their blends are controlled by their morphology to a great extent. For rubber toughened polymers, the shape, content, size and size distribution of the dispersedphase particles have major effects on mechanical properties of polymer-elastomer blends.
2)~4)
The effect of bimodal rubber particle size distribution on the mechanical properties is the additional issue for improving the rubber toughening in polymers. 5)~8) Recently, PP toughened with styrene-ethylene-butadiene-styrene tri-block copolymer (SEBS) has been extensively used for the automotive applications. However, the study of PP toughened with a bimodal distribution of SEBS particles is quite few. In addition, the effect of strain rate on the tensile mechanical properties has not been extensively reported in PP toughened with a bimodal size distributed SEBS particles. Then, our previous study clarified the toughening mechanism for PP toughened with the bimodal rubber particle size distribution by describing the effect of the bimodal distribution of SEBS particle size on the material ductility at nominal strain rates from 3 × 10 −1 to The objective is to characterize the effects of total rubber amount on the mechanical properties of the thermoplastic polypropylene blended with two different styrene-ethylene-butadiene-styrene tri-block copolymer (SEBS) at the intermediate and high strain rates. PP and two types of SEBS were blended so that the total rubber amounts were 10 and 20 wt% against PP by the two-step blending procedure. Tensile tests are conducted at the nominal strain rates from 3 × 10 −1 to 10 2 s −1 . Phase morphology is investigated to estimate the bi-modal rubber particle size distribution. In addition, the fracture surfaces were observed by scanning electron microscopy (SEM) in order to understand the difference of the toughening mechanism for PP toughened with the bimodal rubber particle size distribution in PP and SEBS blends at various total rubber contents. The large material ductility is obtained in the fracture mechanism of craze bands. The craze bands are obtained in the blend whose total SEBS content is larger than 20 wt%. In addition, the weight ratio of small SEBS particles against total SEBS particles is larger than 20% and the inter-particle distance of large SEBS particles ranging between 100 and 300nm are additional condition for crazes bands. The synergistic effect of these rubber particles gives rise to a strong increase in the ductility of these bimodal rubber-particle distributed polypropylene systems. Key words : Mechanical properties, Particle size distribution, Crazing, Toughening, Polypropylene, TEM the important parameters are the inter-particle distance between large SEBS particles and the location of small SEBS particles for increasing the material ductility.
9)
However, our previous study focused on the material system where the total SEBS content was fixed as 30 wt% against PP matrix. The study about the effect of the total rubber content on the toughening mechanisms of bimodal rubber particle size distributed PP blends is quite few. In addition, it is very interesting to understand the effect of total rubber content on the material ductility in the bimodal rubber particle size distributed PP blend system because the important parameters such as the inter-particle distance between large particles and the location of small particles depend strongly on the total amount of rubber content.
In the present study, PP and two types of SEBS were blended so that the total rubber contents were 10 and 20 wt% against PP by the same blending procedure as our previous study. The morphology of polymer blends was observed and the distribution sizes of the SEBS particles were analyzed by TEM. Tensile tests were conducted at nominal strain rates from 3 × 10 −1 to 10 2 s −1 . In addition, the fracture surfaces were observed by scanning electron microscopy (SEM) in order to understand the difference of the toughening mechanism in the blends at various total rubber contents.
Experimental 2. 1 Materials
Isotactic polypropylene (i-PP : J-3003GV supplied by Prime Polymer, Japan) whose molecular weight Mn was about 33,000 was used as the matrix polymer in this study.
It has a melt flow rate (MFR) = 30g/10min (230°C). The density of i-PP was 900kg/m 3 . Two types of styrene-ethylenebutadiene-styrene tri-block copolymers (SEBS) (H1221 (SEBS A) and H1062 (SEBS B), Asahi Kasei Chemicals, Japan), were used as shown in Table 1 . The nominal diameter of SEBS A was 80nm and SEBS B was 250nm. The density of SEBS A and SEBS B was 890kg/m 3 . Thus, it is considered that the volume fraction was almost same as the weight fraction in all the blends in this study.
2 Blending and Sample Preparation
PP and SEBS copolymers were melt-mixed in a co- 
3 Tensile Test
ASTM dumbbell shape (parallel portion width 4.8mm) micro tensile test specimens are used for measuring the stress strain relationship (ASTM D1708). Figure 2 shows the shape of the test specimen. The thickness of test specimen is 3.0mm. This study uses a servo-hydraulic high-speed impact test apparatus (Shimazu EHF U2H-20L : maxi- . Fracture surface was observed by scanning electron micryscopy (SEM : HITACHI S-4300SE/N).
4 Morphological Investigation
Transmission electron microscope (TEM : JEOL JEM-
200CX) operating at 100keV was used to observe the phase morphology. After staining of samples with OsO4, ultra-thin sections were sliced by ultra microtome equipped with diamond knife. In this study, two blends (SEBS A/ SEBS B = 5/5 and 10/10 wt %) were observed by TEM. 9) In our previous study, three blends (SEBS A/SEBS B = 7.5/22.5, 15/15 and 22.5/7.5 wt %) were observed by TEM. The obtained results showed that the two step blending procedure worked well for making the bimodal particle size distribution in the present blends. In addition, it was shown that the inter-particle distances of large SEBS particles based on image analyses were similar to those estimated by the equation proposed by Wu. Thus, the particle size distribution and the inter-particle distance were validated in only two blends (SEBS A/SEBS B = 5/5 and 10/10 wt %) in the current study. analyses. In the image analysis, the commercial based software (Azo-kun, Asahi Kasei Engineering, Japan) was used.
Results and Discussions 3. 1 Morphology of PP/SEBS Blends
Each rubber particle was approximated as a circle and then the diameter of each circle was collected manually in the software because they could not be identified by the threshold of the black-white images. As shown clearly, all three compositions show a bimodal distribution of the rubber particle sizes. In the blend (PP/SEBS A/SEBS B = 90/5/5), the first peak of the particle diameter ranges approximately from 80 to 200nm while the second peak of the particle diameter ranges from 220 to 280nm. In the blend (PP/ SEBS A/SEBS B = 80/10/10), the first particle size distribution ranges from 100 to 180nm while the second one ranges from 220 to 280nm approximately. In the blend (PP/SEBS A/SEBS B = 70/15/15), the particle size distributions firstly ranges from about 80 to 140nm.
The second particle distribution ranges from 200 to 250nm.
It is considered that the blending procedure where each SEBS was melt-mixed with PP respectively would work well because the particles were distributed randomly in However, it is considered that the relative trend of material ductility among all blends would not be changed. Thus, the nominal stress and strain is employed in this paper for simplicity. Figures 7 and 8 show the mean apparent elastic moduli calculated from three measurement data.
As shown in both results, the elastic modulus does not have the strong dependency of blend ratios. In addition, it is observed that the strain rate dependency of the elastic modulus is small in both blends (PP/SEBS = 90/10 and 80/20 wt %).
The yield stress was defined as the maximum nominal stress. In the same manner as the measurements of elastic modulus, the yield stress was measured three times at each condition and, then, the mean values are plotted in Figures 9 and 10. The yield stress shows the weak dependency of blend ratio. In addition, the strain rate dependency in all the blends is smaller than that of elastic modulus. might occur, compared to other blends. The more detail is shown in the SEM observation of fracture surfaces.
3 Fracture Surfaces of PP/SEBS Blends
The fracture surfaces at the nominal strain rate of 100 s −1 are shown in Fig. 14. Figures 14 (a-1) , (a-2) and (a-3)
show the fracture surfaces of PP/SEBS A/SEBS B = 70/22.5/7.5, 70/15/15 and 70/7.5/22.5, respectively. 
4 Estimation of Inter-Particle Distances
It is well established that the inter-particle distance between dispersed particles plays a crucial role to the mechanical properties, especially toughness, in polymer blends. Wu 10), 11) proposed the concept of the critical ligament thickness that determines whether a blend will be tough or brittle. This concept has been applied to several rubber-toughened polymers, such as nylon 10), 11) and polyvinyl chloride. 12)~14) For the cubic packing of spherical particles with uniform size, the matrix ligament thickness, i.e.
inter-particle distance (ID), can be obtained from Eq. (1). (1) where, D is the rubber particle diameter and φ is the rubber volume fraction. At the average particle diameter D, it is clear that ID decreases as the particle volume fraction increases. Based on the concept of stress concentration, the stress fields induced by both large and small particles can interact in all bi-modal systems. It is well known that small particles cavitate and help to form the shear yielding of the matrix. The large particles are strongly related to craze formation. 10 ) Therefore, we focus on ID of large particles. Tables 2 and 3 As the ratio of large particles increases, ID decreases and stress fields of each particle are overlapped. The stress interaction enhances the stress triaxiality, leading to craze formation easily. It is well known that the stress filed interaction helps craze formation. 10) In polypropylene toughened by EOR, the critical ID ranges from 0.3 to 0.4μm. 8) In the present blend system where the weight ratio of SEBS is 20 wt %, IDlarge are less than 0.3 μm. Thus, it is considered that the stress interaction between large SEBS particles occurs in these blends. In the blends (PP/SEBS = 90/10 wt %), the inter-particle distance larger than the critical ID was obtained in the blend (PP/SEBS A/SEBS B = 90/7.5/2.5 wt %). In this blend, it is considered that the stress interaction does not occur leading to the brittle fracture mechanism. This estimation corresponds to the fracture surface as shown in Fig. 14 (c-1) .
In addition to the estimated IDlarge, it is necessary to consider the location of small SEBS particles in PP matrix. For simplicity, the location of small SEBS particles is considered as the weight ratio of small SEBS particles in the present study because small SEBS particles are well dispersed. Figure 16 shows the relationship between the weight ratio of small SEBS and that of large SEBS particles with the illustrations of four types of fracture mechanisms. As shown clearly, the craze bands were obtained at the total weight ratio of SEBS particles larger than 20 wt %. Figure 17 shows the relationship between the weight ratio of small SEBS particle against total SEBS particles and the inter-particle distance of large SEBS particles. The experimental data are divided into four types of fracture mode as indicated by the dashed line in Fig. 17 . In the present blend system, it is considered that the key conditions for toughening should be three points. First, the total SEBS content should be larger than 20 wt %. Second, the inter-particle distance of large SEBS particles should range between 100 and 300nm. Third, the weight ratio of small SEBS particle against total SEBS particles should be larger than 0.2 approximately, leading to locate the small SEBS particles between the large SEBS particles. These key conditions for toughening are illustrated as the hatching zone in Fig. 17 . Figure 18 shows the mean strain energy up to failure at the nominal strain rate of 100s −1 at the total SEBS contents of 20 and 30 wt % with the indication of fracture mode. As shown clearly, the craze bands are the most effective for toughening. Therefore, the total rubber content, the inter-particle distance of large particles and the location of small particles are the key factors for improving the ductility of the bi-modal polymer blends where the total rubber content ranges from 10 to 30 wt %.
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(PP/SEBS = 80/20 wt %) Table 2 Estimated inter-particle distances of the blend.
(PP/SEBS = 90/10 wt %) Fig. 17 Volume ratio of small SEBS against total SEBS vs. inter-particle distance of large SEBS particles. Based on the results of this study, it is expected that the more precisely distributed bimodal rubber particle blend system could decrease the total rubber content while the material is kept more ductile even at the impact loading condition.
